Introduction
============

Identification of two or more primary lung carcinomas at presentation is not uncommon, with an incidence ranging from 5.7--11.5% between 1985--2002 ([@b1-ol-0-0-11843]--[@b5-ol-0-0-11843]). Specifically, a diagnosis of multiple primary lung adenocarcinomas was observed in up to 8% of 369 patients who underwent pulmonary resection for adenocarcinoma between 1994--2002 ([@b1-ol-0-0-11843],[@b2-ol-0-0-11843]). However, as imaging techniques have improved, the incidence of multiple lung cancer (MLC) has increased. Distinguishing multiple primary lung cancer (MPLC) from intrapulmonary metastasis (IPM) may assist in predicting the outcome and appropriate treatment of patients with this disease ([@b6-ol-0-0-11843]). However, classifying multiple lung nodules as MPLC or IPM remains challenging using histological typing alone.

Previously, novel diagnostic criteria have been developed to determine whether intrapulmonary polynodules are primary tumors or IPM ([@b7-ol-0-0-11843]). According to the most recent 8th edition American Joint Committee on Cancer staging manual (AJCC staging manual) ([@b8-ol-0-0-11843]); i) two or more distinct and histologically different masses were considered MPLC; ii) multiple ground-glass or part-solid nodules, histologically of with lepidic growth pattern were considered MPLC and iii) multiple tumor nodules with the same histological type and/or with same molecular profile were considered IPM ([@b6-ol-0-0-11843],[@b7-ol-0-0-11843]). Genomic alterations were commonly assessed using fluorescence in-situ hybridization and NGS ([@b6-ol-0-0-11843],[@b9-ol-0-0-11843]). These criteria have emphasized the need for a combination of diagnostic approaches, including clinical, histopathological and molecular diagnoses. However, to the best of our knowledge, there is still no universally accepted standard diagnostic method for patients with MLC. Previously, studies have reported that the use of next generation sequencing (NGS) may be a promising tool for patient diagnosis based on the hypothesis that clonally related (IPM) and independent tumors (MPLC) exert different patterns of mutational concordance ([@b10-ol-0-0-11843]--[@b12-ol-0-0-11843]). In theory, the simultaneous identification of multiple tumor driver genes should enable improved distinction between MPLC and IPM ([@b13-ol-0-0-11843],[@b14-ol-0-0-11843]). Xiao *et al* ([@b14-ol-0-0-11843]), utilized NGS to investigate non-small cell lung cancer as this cancer type often demonstrates genetic heterogeneity. In their cohort, 1 of the 6 patients with similar comprehensive histological assessment results and EGFR mutation type was identified as having different gene mutation types via NGS, revealing that the patient had synchronous multiple primary lung adenocarcinomas (MPLA). In addition, in a study by Li *et al* ([@b12-ol-0-0-11843]), 20 paired tumors (Each patient had two tumors considered as a pair) obtained from 20 patients with synchronous multifocal lung adenocarcinomas were analyzed using NGS. The results revealed no discordance of mutational status in all tumor pairs diagnosed as intrapulmonary metastasis via histological examination, whereas the discordance rate was as high as 61.5% (8 out of 13) in tumor pairs diagnosed as equivocal or multiple primary cancer tumors. Li *et al* ([@b12-ol-0-0-11843]), hypothesized that the mutational status of all multifocal tumors may aid the diagnosis and selection of the most effective treatment strategies. Donfrancesco *et al* ([@b9-ol-0-0-11843]), demonstrated that pathological criteria were less accurate compared with molecular criteria when staging MLC. However, pathological criteria can be used in conjunction with molecular analysis, although this method is not ideal as NGS is not available everywhere ([@b9-ol-0-0-11843]). In addition, a diagnostic lineage test based on genomic rearrangements from mate-pair sequencing has been previously applied for distinguishing independent primary from metastatic lung cancer ([@b14-ol-0-0-11843],[@b15-ol-0-0-11843]). Therefore, the screening and function of these diagnostic markers requires further study. The aim of the present study was to probe and analyze genetic differences between patients with MPLC and IPM using NGS. The results may help identify novel biomarkers for the classification of MLC.

Materials and methods
=====================

### Patients

A total of 17 patients were diagnosed with MLC through surgical resection at the Beijing Chao Yang Hospital affiliated to Capital Medical University (Beijing, China) between January 2017 and December 2018. The median age of the patients was 58 years (age range, 45--81 years), 4 men and 13 women were included. All these patients were diagnosed as primary lung carcinoma by pathologists with complete clinical data, including preoperative examination, postoperative treatment and follow-up data. Recurrent cases of lung cancer, incomplete clinical data and lack of postoperative treatment and follow-up records were excluded. Two experienced pathologists reviewed all cases independently, blindly and simultaneously. Lobectomy and wedge resections were performed for seven patients, wedge resections for six patients and lobectomy resections for four patients. Of the MLC cases, 7 were adenocarcinoma (ADC) and adenocarcinoma *in situ* (AIS), 2 were ADC and squamous cell carcinoma (SCC), 6 were ADC and ADC, and 2 cases were diagnosed with multiple AIS ([Table I](#tI-ol-0-0-11843){ref-type="table"}). A total of 35 resected pulmonary nodules and 17 matched normal tissue samples were obtained from the 17 patients. A total of 16/17 patients each had 2 nodules, one patient had 3 nodules, one normal lung tissue sample was selected from each patient as the control for NGS. The present study was approved by the Medical Ethics Committee of Beijing Chaoyang Hospital, Capital Medical University (Beijing, China) (approval no. 2018-Scientific-311). A patient who came from Beijing signed the informed written consent as a representative. The remaining 16 patients were from other provinces of China, thus these patients were contacted via telephone to obtain verbal informed consent before participation in the present study.

### Targeted DNA sequencing of resected pulmonary nodules

All commercial kits were used according to the manufacturer\'s protocols. Total DNA was extracted from formalin-fixed paraffin-embedded (FFPE) tissue samples (including 35 cancer tissue samples and 17 matched normal tissue samples), using the QIAamp DNA FFPE Tissue kit (buffer ATL, buffer AL, buffer AW1, buffer AW2, buffer ATE and proteinase K; Qiagen, Inc.). DNA concentration was subsequently measured using a Qubit dsDNA assay (Thermo Fisher Scientific, Inc.). The quality of genomic DNA was assessed and samples with an A260/A280 ratio of 1.8--2.0 were selected for subsequent analysis. DNA was profiled using a Lung Plasma panel (Guangzhou Burning Rock Medical Laboratory Co., Ltd.), which included 168 cancer-associated genes. The concentration of DNA within samples was measured using a Qubit dsDNA assay (Thermo Fisher Scientific, Inc.), the results of which determined that all samples contained \>40 ng DNA. Subsequently, 200--400 bp fragments were selected for analysis using the Agencourt AMPure XP kit (Beckman Coulter, Inc.), and the sequencing libraries were prepared using the NEBNext Ultra II DNA Library Prep kit for Illumina (cat. no. E7645), according to the manufacturer\'s protocols. A bioanalyzer high-sensitivity DNA assay (Qubit 2.0; Thermo Fisher Scientific, Inc.) was performed to assess the quality and size of DNA samples. Available indexed samples were sequenced using a MiSeq system (Illumina, Inc.) with paired end reads.

### Sequencing analysis

Sequencing data were mapped to the human genome (hg19) using the BWA aligner version 0.7.10 (<http://bio-bwa.sourceforge.net>). PCR duplicate reads were removed prior to the detection of base substitution. Local alignment optimization and variant calling were performed using GATK version 3.2--2 (Broad Institute, Inc.). DNA translocation analysis was performed using Tophat2 (Center for Computational Biology, Johns Hopkins University and the Genome Sciences Department) and Factera version 1.4.3 (<https://factera.stanford.edu>). Insert size distribution and the library complexity of each sample was determined to assess levels of DNA degradation. Different mutation calling thresholds were applied to samples with differing levels of DNA quality to avoid false-positive mutation calls due to DNA damage. Gene variants were filtered using the VarScan (Genome Institute, Washington University, USA) filter pipeline. Gene variants loci with a sequencing depth \<100 were filtered out. At least two and five supporting reads were required for insertions/deletions in FFPE tissue samples, respectively, while eight supporting reads were required for single number variations (SNVs) in the samples, and selected exons and introns of 168 genes were captured. Single nucleotide variants and indels were annotated using dbNSFP (version 30a; <http://varianttools.sourceforge.net/Annotation/dbNSFP>), Catalogue of Somatic Mutations (version 69; <http://cancer.sanger.ac.uk/cosmic>) and dbSNP (snp138) databases (ftp.ncbi.nih.gov/snp). Variants with a global minor allele frequency \>1.0% included in the 1000Genome Project (Phase 3; 1000genomes.org/data) were considered to be common single nucleotide polymorphisms and were removed.

Integrative Genomics Viewer (Broad Institute, Inc.) ([@b16-ol-0-0-11843]) was used to visualize variants aligned against the reference genome to confirm the accuracy of variant calls by checking for possible strand biases and sequencing errors. Gene-level copy number variation was assessed using a statistic after normalizing read depth at each region by total read number and region size, and correcting for GC-bias using the LOESS algorithm (<https://www.weisang.com/en/documentation/loessandlowessalgorithm>).

### Tumor cellularity assessment

Tumor cellularity was assessed by two pathologists in patients with lung cancer. NGS testing was not conducted with specimens that contained \<5% tumor cells and could not be macro-dissected. Therefore, based on the study by Li *et al* ([@b17-ol-0-0-11843]), a standard of 10% tumor cells was set. All samples were categorized into three groups based on the estimated percentage of tumor cells: Group 1, 6--19% tumor cellularity; group 2, 20--30% tumor cellularity; and group 3, \>30% tumor cellularity. There were 11 specimens in group 1, 4 specimens in group 2 and 20 specimens in group 3.

The heterogeneity scores (HSs) of EGFR and tumor suppressor protein 53 (TP53) were calculated as described previously ([@b17-ol-0-0-11843],[@b18-ol-0-0-11843]). A HS of \<1 indicated that mutations were present in a subpopulation of tumor cells; a score of 1 suggested that mutations were present in all tumor cells; and a score of \>1 indicated that copy-number variations may exist in tumor cells ([@b12-ol-0-0-11843]).

### Identification of tumor suppressor gene mutations

Whether a tumor had a tumor suppressor gene mutation or not was determined by the mutation status of TP53, phosphatidylinositol-3 kinase catalytic subunit α (PIK3CA), retinoblastoma 1 (RB1) or serine/threonine kinase 11 (STK11).

### Statistical analysis

Statistical analysis was performed using SPSS version 17.0 (SPSS Inc.). Continuous variable homogeneity was analyzed using a two-way independent sample t-tests for normally distributed data and a non-parametric rank sum test for non-normally distributed data (Z test was used for comparing EGFR mutation abundance between ADC group and AIS group, and Mann-Whitney U test was used for comparing EGFR mutation abundance between MPLC and IPM). ANOVA was used to test for differences among ≥2 groups followed by Tukey\'s post hoc test. A Pearson χ^2^ test and Fisher\'s exact test were used to analyze the observed differences in frequencies. Multivariate logistic regression analysis was used to evaluate the relative risk of IPM when compared with MPLC, irrespective of cause, and was expressed as the odds ratio (OR) with 95% confidence intervals (CIs). Progression-free survival (PFS) time was analyzed using the Kaplan-Meier method and survival curves were compared using a log-rank or Renyi test, as appropriate. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Alterations of genes

Alterations of the EGFR gene were identified in 13 of the 17 patients enrolled (76.5%), presenting in 24 of the lesions obtained. Among the ADC lesions, nine exhibited exon 21 L858R, two presented with exon 21 L861Q and five lesions exhibited an exon 19 deletion missense mutation. Additionally, copy number amplification was identified in five ADC lesions. The results also revealed EGFR gene exon 21 L858R alterations in seven AIS lesions. Anaplastic lymphoma kinase (ALK) fusion was not identified in any sample. Kirsten rat sarcoma (KRAS) mutations were identified in 2 lesions of 2 patients and a neuroblastoma rat sarcoma (NRAS) mutation was detected in another patient. The rate of KRAS detection was (2/17, 11.76%). No positive mutations were detected in normal lung tissue in 17 patients. The detailed genetic changes of each case are presented in [Table I](#tI-ol-0-0-11843){ref-type="table"}.

### Patients with ADC and AIS

A total of seven lesions in nine patients with AIS and 17 lesions in 12 patients with ADC were found to exhibit EGFR mutations. The results of the non-parametric rank sum test demonstrated that the mean abundance of EGFR mutations in the ADC group was higher compared with that in the AIS group (Z=−2.845, P=0.004; data not shown). Analysis of EGFR mutation location in patients with AIS and ADC (EGFR non-L858R and EGFR L858R) revealed that the rate of EGFR L858R mutations in AIS was significantly higher compared with that in ADC (χ^2^=4.941, P=0.026; data not shown). There were no significant differences in the mutation status of any other core driver gene between patients with AIS and ADC (χ^2^=0.688, P=0.407).

The mutation status of certain tumor suppressor genes, including TP53, PIK3CA, RB1 and STK11 were statistically different in the ADC group compared with the AIS group (χ^2^=7.506, P=0.006; data not shown). Of the nine cases of AIS, 7 were ADC and AIS, and 2 cases were diagnosed with multiple AIS ([Table I](#tI-ol-0-0-11843){ref-type="table"}). In patients with AIS, only one tumor exhibited a tumor suppressor gene mutation, while 10 did not. In patients with ADC, 13 tumors exhibited a tumor suppressor gene mutation and nine did not. The positive rate of mutations in the tumor suppressor genes was assessed, demonstrating that there was a significantly higher positive rate of tumor suppressor gene mutations in ADC compared with AIS (χ^2^=7.506, P=0.006; data not shown).

EGFR status and tumor suppressor gene mutation analysis in patients with AIS and ADC revealed that no AIS tumor exhibited simultaneous mutations: Eight exhibited one mutation, while three did not exhibit a mutation. In ADC lesions, 11 tumors exhibited simultaneous mutations, eight tumors exhibited one mutation and three did not present any mutations. Following statistical analysis, a significant difference was identified (χ^2^=8.250, P=0.016; likelihood ratio, χ^2^=11.511, P=0.003; data not shown), indicating that there were more concurrent EGFR and tumor suppressor gene mutations in ADC lesions compared with AIS lesions.

The results of mean EGFR local mutation abundance analysis revealed that abundance was significantly higher in ADC lesions compared with simultaneous AIS lesions (t=4.598, P=0.001; data not shown). However, no significant differences were identified in the positioning of EGFR mutations, the mutation abundance of other core driver genes, mutations in tumor suppressor genes and EGFR mutations accompanied with mutations in tumor suppressor genes ([Fig. 1](#f1-ol-0-0-11843){ref-type="fig"}).

### MPLC diagnosis

MPLC was diagnosed using histological subtyping and gene alteration analysis. Of the two cases of simultaneous SCC and ADC, it was demonstrated that each exhibited different histological types and different driver gene mutation spectra, which was indicative of multi primary lung cancer. Co-occurrence of AIS and ADC in seven cases and co-occurrence of AIS in 2 cases were diagnosed as MPLC ([Table I](#tI-ol-0-0-11843){ref-type="table"}), according to the AJCC staging manual ([@b7-ol-0-0-11843]).

Histological subtypes and genetic alteration maps were compared among 6 patients with multiple ADC lesions. Among them, two tumors from patient 16 exhibited different histological subtypes; one tumor exhibited acinar features and one tumor exhibited lepidic features. Both tumors possessed EGFR mutations at different positions (the former: EGFR p.L861Q and EGFR p.G719A, the latter: EGFR p.E746_A750del). In addition, the two tumors from patient 15 exhibited similar histological subtypes (lepidic), but one did not present with any genetic changes, while the other exhibited EGFR driver gene mutations ([Table I](#tI-ol-0-0-11843){ref-type="table"}). As driver gene mutations were different in the 2 aforementioned patients, the diagnosis of MPLC was supported.

The other 4 patients with multiple ADC lesions (patients 8--11) exhibited a similar driver gene mutation spectrum. EGFR and TP53 were detected in the two tumors of patient number 10; however, the abundance of each mutation differed. Among the four patients with multiple ADC lesions, three exhibited similar histological subtypes, (the histological pattern of all four tumors in patient numbers 8 and 9 was acinar, in patient number 10, the lepidic structure accounted for 50%, acinar 40% and papillary 10% in one tumor, the lepidic structure accounted for 70% and acinar 30% in another tumor), while one exhibited different histological subtype (in patient number 11, one tumor was dominated by acinar structure, while in another tumor, lepidic structure and acinar structure accounted for 70 and 30%, respectively; [Table I](#tI-ol-0-0-11843){ref-type="table"}). Combined with the results of NGS, these data supported the diagnosis of IPM ([Table I](#tI-ol-0-0-11843){ref-type="table"}).

The results revealed there was \~8% (1/13) of discordance of mutational status in all tumor pairs diagnosed as MPLC via histological examination, whereas the discordance rate was 25% (1/4) in tumor pairs diagnosed as intrapulmonary metastasis. However, there was no statistically significant difference (P=0.347; [Table SI](#SD1-ol-0-0-11843){ref-type="supplementary-material"}).

### Staging

The stage of all 17 patients was confirmed according to lung cancer staging criteria by AJCC staging manual and NGS sequencing results. The tumor pairs from 13 MPLC patients were staged separately. Different histological types for separate tumor (T), nodal metastases (N) and distant metastases (M) for each tumor, so the two cases of simultaneous SCC and ADC were separate T, N and M for each tumor (data not shown). Co-occurrence of AIS and ADC in seven cases and co-occurrence of AIS in 2 cases were diagnosed as MPLC, the pathological (p)T stage of the largest tumor or main lesion was defined as the highest pT stage (data not shown). IPM usually represented by multiple tumor nodules of the same histological type and/or molecular profile. A separate tumor nodule in the same lobe is staged as T3, in the ipsilateral lobe as T4. A total of four patients with IPM were respectively staged as pathological T4, two tumors of each patient were both on the same side (left or right lung), but not in the same lung lobe, so the four patients with IPM were considered pathological T4 stage ([Table II](#tII-ol-0-0-11843){ref-type="table"}). Because there were only a few cases with TNM stage II B, stage III and IV (data not shown), in order to perform a more reasonable statistical analysis, these were combined into stage ≥IIB, the rest were stage \<IIB (including Tis, I and IIA; data not shown).

### Comparison of patient characteristics between MPLC and IPM groups

Clinicopathological characteristics of patients with MPLC and IPM are listed in [Table II](#tII-ol-0-0-11843){ref-type="table"}, there were no statistical differences in age, sex, tumor size and smoking status between the two groups (all P\>0.05), while the tumor TNM stage was significantly higher in the IPM group compared with the MPLC group (P\<0.05). Genetic changes of patients with MPLC and IPM are presented in [Fig. 2](#f2-ol-0-0-11843){ref-type="fig"} and the specific comparisons are listed in [Table III](#tIII-ol-0-0-11843){ref-type="table"}. There were 27 tumors in the MPLC group, among which 16 had EGFR mutations. In the present study, significant differences in EGFR mutation abundance were detected when comparing patients with MPLC and IPM, the mean abundance of EGFR mutations was significantly higher in the IPM group compared with the MPLC group (P\<0.05). Furthermore, the incidences of EGFR driver mutations, involvement of tumor suppressor genes, EGFR accompanied with tumor suppressor gene mutations were significantly higher in the IPM group compared with the MPLC group (all P\<0.05).

### Tumor cellularity

EGFR mutation rates were high in each of the three groups (group 1, 7/11 64%; group 2, 3/4; 75%); group 3, 14/20, 70%), despite results not being statistically different (P\>0.05). There was no significant difference between group 1 vs. 2 (P=0.904), and group 2 vs. group 3 (P=0.056); however, a significant difference was observed between group 1 vs. 3 (P=0.006; [Fig. 3](#f3-ol-0-0-11843){ref-type="fig"}).

### HS calculation and comparison

Among the patients with IPM, the mean EGFR HS value was significantly higher compared with patients with MPLC (t=3.502; P=0.009; EGFR HS \>1 in IPM), indicating that copy number variations may exist in tumor cells. However, there was no statistical difference in the mean HS value of TP53 between the two groups (t=0.151, P=0.883; HS \<1 in both groups; [Fig. 4](#f4-ol-0-0-11843){ref-type="fig"}).

### Identification of PFS risk factors in patients with MPLC and IPM

Univariate regression analysis revealed that EGFR mutation frequency, EGFR HS, TP53 mutation frequency, TP53 HS and sex were all independent risk factors of IPM ([Table SII](#SD1-ol-0-0-11843){ref-type="supplementary-material"}). Furthermore, multivariate dichotomous logistic regression analysis demonstrated that EGFR HS (OR, 760; P=0.024; 95% CI, 2.443--236,548) and the male sex (OR, 355; P=0.048; 95% CI, 1.053--120,267) were risk factors of IPM ([Table SIII](#SD1-ol-0-0-11843){ref-type="supplementary-material"}). Therefore, a higher EGFR HS value and the male sex were associated with an increased risk of IPM.

Kaplan-Meier PFS analysis of the 13 patients with MPLC and the 4 patients with IPM are presented in [Fig. 5](#f5-ol-0-0-11843){ref-type="fig"}. The postoperative median PFS time of the 13 patients with MPLC was 29 months and was 16 months for patients with IPM. There was no significant difference between the PFS of patients with MPLC and IPM (Renyi P=0.39; log-rank P=0.307).

Discussion
==========

Comprehensive histological assessment has provided a suitable and reliable method for the identification of MPLCs ([@b19-ol-0-0-11843]); however, certain patients with ≥2 lung adenocarcinomas exhibit similar pathological subtypes ([@b17-ol-0-0-11843]). It is therefore difficult to distinguish MLPC from IPM using histology alone. It is now generally accepted that diagnostic criteria should be based on clinical, histopathological and molecular data combined ([@b6-ol-0-0-11843],[@b11-ol-0-0-11843]).

Lung cancer may result from the accumulation of mutations in a branched evolutionary model similar to that of a growing tree ([@b20-ol-0-0-11843]--[@b24-ol-0-0-11843]). However, the comprehensive genomic landscape of synchronous multifocal lung adenocarcinomas, primarily those of pre-invasive and invasive lung cancer, have not been extensively compared. Additionally, to the best of our knowledge, correlations between specific clinicopathological characteristics, genes alterations and the prognosis of patients with MPLC or IPM are yet to be performed.

In the present study, four patients were diagnosed with IPM, three of which exhibited similar histological subtypes and genetic changes in each lesion, another one patient exhibited different histological subtypes but similar genetics changes. These patients were diagnosed with IPM for two reasons. Firstly, the two tumors had similar mutations in the main driver gene and thus were classified as IPM, based on the NGS test results and in combination with the literature ([@b6-ol-0-0-11843],[@b10-ol-0-0-11843]--[@b12-ol-0-0-11843]). Some studies report that the use of NGS appears promising in addressing this challenge in distinguishing MLPC from IPM, based on the hypothesis that clonally related (IPM) and independent tumors (MPLC) exert different patterns of mutational concordance ([@b10-ol-0-0-11843]--[@b12-ol-0-0-11843]). Secondly, one patient had adenocarcinoma with two lesions with different histological subtypes. Some tumors had morphological changes after metastasis, and histological subtype changes. Changes in the morphological subtype of lung adenocarcinoma with distant metastases are common in clinical practice. Donfrancesco *et al* ([@b9-ol-0-0-11843]) demonstrated that architectural patterns cannot be used to differentiate multiple primary tumors from IPM, the lepidic architecture may be noteworthy to distinguish separate tumor nodules ([@b25-ol-0-0-11843]) because of the poor repeatability of the results of the lepidic architecture between multiple observers. However, additional studies are required to support this conclusion.

The present results demonstrated that there was \~8% (1/13) discordance of mutational status in all tumor pairs diagnosed as MPLC via histological examination, whereas the discordance rate was 25% (1/4) in tumor pairs diagnosed as IPM. However, this difference was not significantly different (P=0.347; [Table SI](#SD1-ol-0-0-11843){ref-type="supplementary-material"}). It has been reported that discrepancy between clinical and molecular classification of originally presumed cases of multiple primary lung cancer tumors range between 18 and 30% in different study cohorts ([@b26-ol-0-0-11843],[@b27-ol-0-0-11843]). Therefore, histological characteristics used in combination with genetic alteration analysis may be an effective method to diagnose MPLC and IPM. It was hypothesized that the mutational status of all multifocal tumors may aid the diagnosis and selection of the most effective treatment strategies.

In the present study, EGFR gene alterations were identified in 13/17 patients (76.5%), which included 24 lesions. Xiao *et al* ([@b14-ol-0-0-11843]) observed EGFR mutations in 64 tumors obtained from 35/37 patients (94.6%) with synchronous MPLAs. Further studies have revealed higher EGFR mutation frequencies compared with reported rates of single lung adenocarcinoma mutations, ranging between 11 and 51.4% ([@b28-ol-0-0-11843]--[@b32-ol-0-0-11843]). In the present study, significant differences in EGFR mutation abundance were detected when comparing patients with MPLC and IPM ([Table III](#tIII-ol-0-0-11843){ref-type="table"}). High rates of EGFR mutations and EGFR abundance may be a result of gene alterations in patients with IPM, therefore aiding the differentiation between MPLC and IPM. However, a larger sample size is required to confirm this.

In the present study, all patients with IPM exhibited EGFR driver mutations, accompanied with a tumor suppressor gene mutation, which included TP53, PIK3CA, STK11 or RB1 mutations. A recent study that analyzed 17,664 patients with lung cancer identified 2--3 concomitant driver mutations in \~1% of cases ([@b33-ol-0-0-11843]). In another large database study, the occurrence of EGFR co-mutations with other cancer driver mutations was \~10% ([@b34-ol-0-0-11843]). The results of the present study revealed that the co-mutation rate of EGFR and tumor suppressor genes in the IPM group was markedly higher compared with those presented in other studies with single ADC ([@b29-ol-0-0-11843],[@b33-ol-0-0-11843]). These results may partly explain the mechanism of intrapulmonary metastasis, in which tumor suppressor gene mutations may exert a promotive effect. Furthermore, co-mutations may potentially impair the efficacy of tyrosine kinase inhibitors (TKIs). For example, it was demonstrated that patients with EGFR/PIK3CA co-mutations had a less favorable PFS time during TKI therapy compared with patients with EGFR mutations alone ([@b33-ol-0-0-11843],[@b35-ol-0-0-11843]). Therefore, prognosis should be determined to analyze the implications of these alterations. The present study speculated that the genetic features of the IPM group may be associated with poor prognosis and TKI resistance. Despite genetic alterations requiring further confirmation, detecting genetic alterations may assist in the identification of MPLC or IPM and the subsequent application of therapy. No ALK gene alterations were detected in the present study, which is not congruent with previous results where concurrent EGFR mutations and ALK rearrangements in lung ADC were frequently observed ([@b36-ol-0-0-11843]). The lack of ALK rearrangements in the present study may have been characteristic of MLC, or perhaps the small cohort size affected the results. This was consistent with the results of Saab *et al* ([@b1-ol-0-0-11843]), who performed NGS and ALK FISH analyses on 52 lung adenocarcinomas tumors from 18 patients, none of the tumors harbored ALK gene rearrangements. In the present study, KRAS mutations were identified in 2 lesions of 2 patients and a NRAS mutation was detected in another patient. The rate (2/17, 11.76%) of KRAS detection was lower in the current study compared with that reported in Asian and Western populations (4--24 and 25%, respectively) ([@b37-ol-0-0-11843]). The present results may therefore be associated with regional divergence and MLC characteristics.

Hu *et al* ([@b20-ol-0-0-11843]), demonstrated genomic evolution from atypical adenomatous hyperplasia to AIS, minimally invasive adenocarcinoma and ADC, and suggested that the neoplastic transformation of lung preneoplasia may be predominantly associated with the survival of best adapted subclones in a specific microenvironment. Therefore, in the present study, the differences and similarities of genetic alterations in patients with AIS and ADC were analyzed. The results of the non-parametric rank sum test revealed that the mean EGFR mutation abundance was higher in ADC group compared with the AIS group (Z=−2.845, P=0.004). In addition, EGFR mutation location analysis in patients with AIS and ADC (EGFR non-L858R and L858R) demonstrated that the mutation detection rate of EGFR L858R in AIS was significantly higher compared with ADC. The mutation analysis of various tumor suppressor genes, including TP53, PIK3CA, RB1 and STK11, revealed a significant difference between the ADC group and the AIS group (χ^2^=7.506, P=0.006). Furthermore, a higher proportion of tumor suppressor gene mutations were observed in the ADC group compared with the AIS group. Concurrent EGFR and tumor suppressor gene mutations were significantly increased in the ADC group compared with the AIS group. Based on these results, the present study hypothesized that the mean EGFR mutation abundance, mutations of tumor suppressor genes and each mutation combined may serve an important role in the development of AIS into ADC. This may help elucidate the mechanisms underlying lung adenocarcinoma development and identify more effective targets for disease intervention.

The results of the present study revealed that the mean *EGFR* mutation abundance in ADC was significantly higher compared with AIS. This further indicates the importance of testing for genetic alterations. The current diagnosis of AIS and ADC is based on morphological assessment, which may not fully reflect the underlying pathology of these lesions. In future studies, more definitive endpoints, such as postsurgical recurrence and overall survival, should be integrated with molecular markers to improve the definition of indeterminate pulmonary nodule molecular subtypes and to assess their prognostic value ([@b20-ol-0-0-11843]). The present study recommends that patients with AIS should be genetically tested.

Previously, it was recommended that the proportion of tumor cells detected by NGS was 10% ([@b17-ol-0-0-11843]). The tumor cellularity of the majority of cases in the present study was \>10%, and only five specimens of tumor cellularity were 6--10%. EGFR, KRAS and TP53 mutations were also detected in patients in the present study. The results indicated that samples with \>6% tumor cellularity may be screened using NGS. However, there are various limitations to the present study. Firstly, although tumor cell content was assessed independently by two pathologists to obtain accurate data, the estimation of tumor cellularity can be subjective. Secondly, caution should be taken in analyzing tumor cellularity, particularly when small sample sizes are used. Thirdly, there were instances where tumor cellularity was \<10%, and whether this affected detection was not determined. In addition, the majority of cases of MLC in the present study were lung ADC, and only two cases were SCC. This may be because ADC accounts for the vast majority of cases of lung cancer in China ([@b38-ol-0-0-11843]). Therefore, the results of the present study do not apply to patients with SCC. Future studies should be performed with a larger sample size to further support the conclusions of the present study and incorporate patients with SCC.

Intratumor heterogeneity is at least partially responsible for the discordance in mutation status between different sites of a tumor, and this heterogenicity may be a challenge for the application of targeted therapies ([@b39-ol-0-0-11843]). In studies by Li *et al* ([@b17-ol-0-0-11843]) and Normanno *et al* ([@b18-ol-0-0-11843]), HS values were used to assess intratumor mutational heterogeneity. The results of the current study indicated that intratumor heterogeneity existed in patients with MPLC and IPM. The mean HS value of EGFR in patients with IPM was higher compared with MPLC. Additionally, metastasis in patients with an EGFR HS \>1 indicated that copy number variation may exist in the metastatic cells of IPM. No significant differences were identified in the TP53 HS value between the MPLC and IPM, with each exhibiting values \<1, suggesting that mutations were present in a subpopulation of tumor cells. These results support the notion that EGFR mutations are more frequent in patients with IPM ([@b17-ol-0-0-11843]). Regression analysis revealed that a higher EGFR HS value and the male sex were associated with a greater risk of IPM, thus providing a potentially novel diagnostic marker to distinguish IPM from patients with MPLC.

In conclusion, the detection of genetic alterations using NGS may assist the identification of MPLC or IPM. Additionally, samples with \>6% tumor cellularity may be screened using NGS. Histological characteristics combined with genetic alterations may be an effective method to identify MPLC and IPM. MLC may have its own unique molecular characteristics, such as a higher rate and abundance of EGFR mutations, EGFR driver and tumor suppressor gene mutations combined, a lack of ALK mutations and a low rate RAS mutations, all of which may aid the identification of MPLC from IPM. The present study hypothesizes that mean EGFR mutation abundance, mutations of tumor suppressor genes and mutations of each combined may serve an important role in the development of AIS into ADC. This may help elucidate the mechanism of lung adenocarcinoma development to identify more effective measures of therapeutic intervention. Furthermore, the present study recommends that patients with AIS should be genetically tested.
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![Comparison of genetic changes in 7 patients with simultaneous AIS and ADC. The horizontal axis represents patient number, the left vertical axis represents mutation abundance and the right vertical axis represents gene name. AIS, adenocarcinoma *in situ*; ADC, adenocarcinoma; CN_del, copy number deletion; CN_amp, copy number amplification.](ol-20-03-2829-g00){#f1-ol-0-0-11843}

![Comparison of genetic changes between patients with MPLC and IPM. The x-axis represents patient number, the left vertical axis represents mutation abundance and the right vertical axis represents gene name. MPLC, multiple primary lung cancer; IPM, intrapulmonary metastasis; CN_del, copy number deletion; CN_amp, copy number amplification.](ol-20-03-2829-g01){#f2-ol-0-0-11843}

![Comparison of EGFR mutation abundance among the three groups. Mutation abundance was significantly higher in group 3 when compared with group 1. \*P\<0.05, group 3 vs. group 1. There were no statistical differences between group 3 and group 2, also between group 2 and group 1. NS, not significant; EGFR, epidermal growth factor receptor.](ol-20-03-2829-g02){#f3-ol-0-0-11843}

![Comparison of EGFR HS and TP53 HS mean values between patients with MPLC and IPM. EGFR HS values were significantly higher in patients with IPM compared with those with MPLC. No significant differences were identified in the mean values of TP53 HS. \*P\<0.05 vs. IPM. EGFR, epidermal growth factor receptor; HS, heterogeneity score; TP53, tumor protein 53; MPLC, multiple primary lung cancer; IPM, intrapulmonary metastasis.](ol-20-03-2829-g03){#f4-ol-0-0-11843}

![PFS time of patients with MPLC and with IPM. The PFS time of patients with MPLC was increased compared with patients with IPM. However, the difference was not statistically significant (log-rank P=0.307). PFS, progression-free survival; MPLC, multiple primary lung cancer; IPM, intrapulmonary metastasis.](ol-20-03-2829-g04){#f5-ol-0-0-11843}

###### 

Genetic alterations and predominant patterns of each tumor obtained in the present study.

  Patient no.   Tumor location   Histological type   Predominant histological pattern         Gene alterations                                                                                                                                                                                              Final diagnosis
  ------------- ---------------- ------------------- ---------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------
  1             RLL              AIS                 Lepidic growth pattern                   NRAS p.Q61L; BRAF p.N581S                                                                                                                                                                                     MPLC
                RLL              ADC                 Acinar                                   BRAF p.V600E                                                                                                                                                                                                  
  2             RUL              AIS                 Lepidic growth pattern                   EGFR p.L858R                                                                                                                                                                                                  MPLC
                RML              ADC                 Acinar                                   EGFR p.L858R; TP53 p.V272L                                                                                                                                                                                    
  3             LUL              AIS                 Lepidic growth pattern                   EPHA3 p.K889N; MET p.K1132T; TP53 p.V172F; MET c.2888-24_2888-8del; RB1 p.G449E                                                                                                                               MPLC
                LUL              ADC                 Lepidic 70%, Acinar 30%                  RB1 p.G449E; MET c.2888-24_2888-8del; MET p.D1010Y EPHA3 p.K889N; TP53 p.V172F                                                                                                                                
                LUL              ADC                 Lepidic 75%, Acinar 10%, Papillary 15%   APC p.E538K; EGFR p.L861Q                                                                                                                                                                                     
  4             LUL              ADC                 Lepidic                                  EGFR p.E746_A750del                                                                                                                                                                                           MPLC
                LUL              AIS                 Lepidic growth pattern                   EGFR p.L858R                                                                                                                                                                                                  
  5             LLL              AIS                 Lepidic growth pattern                   EGFR p.L858R; FGFR3 cn_del                                                                                                                                                                                    MPLC
                LLL              ADC                 Lepidic                                  EGFR p.L858R; ERBB2 cn_amp                                                                                                                                                                                    
  6             RLL              AIS                 Lepidic growth pattern                   EGFR p.L858R                                                                                                                                                                                                  MPLC
                RUL              ADC                 Acinar                                   TP53 p.E287; EGFR p.L858R                                                                                                                                                                                     
  7             RLL              AIS                 Lepidic growth pattern                   EGFR p.L858R                                                                                                                                                                                                  MPLC
                RUL              ADC                 Acinar                                   FGF3 p.N158=; SMARCA4 cn_amp; PIK3CA p.E545K EGFR p.L747_P753delinsS; MYC p.E432K                                                                                                                             
  8             LLL              ADC                 Acinar                                   CCNE1 p.V352I; TP53 c.994-1G\>A; SMAD4 p.R380_G386delinsS; EGFR cn_amp; EGFR p.L858R; PIK3R1 NA; FGFR1 NA                                                                                                     IPM
                LUL              ADC                 Acinar                                   BRINP3 p.S470=; CCNE1 p.V352I; TP53 c.994-1G\>A; SMAD4 p.R380_G386delinsS; EGFR cn_amp; EGFR p.L858R                                                                                                          
  9             RLL              ADC                 Acinar                                   EMSY p.T288R; EGFR p.L858R; TP53 p.S241C; CDKN2A p.Y44fs                                                                                                                                                      IPM
                RUL              ADC                 Acinar                                   EMSY p.T288R; TP53 p.S241C; EGFR p.L858R; EGFR cn_amp                                                                                                                                                         
  10            RUL              ADC                 Lepidic 50%, Acinar 40%, Papillary 10%   EGFR p.L858R; TP53 p.R249S                                                                                                                                                                                    IPM
                RML              ADC                 Lepidic 70%, Acinar 30%                  EGFR p.L858R; TP53 p.R249S                                                                                                                                                                                    
  11            LLL              ADC                 Acinar                                   TP53 p.E224D; EGFR p.E746_T751delinsA; EGFR cn_amp                                                                                                                                                            IPM
                LUL              ADC                 Lepidic 70%, Acinar30%                   TP53 p.E224D; IL7R p.C349\*; EGFR p.E746_T751delinsA; EGFR cn_amp                                                                                                                                             
  12            RLL              AIS                 Lepidic growth pattern                   ERBB2 p.Y772_A775dup                                                                                                                                                                                          MPLC
                RUL              AIS                 Lepidic growth pattern                   KRAS p.G12D                                                                                                                                                                                                   
  13            RUL              AIS                 Lepidic growth pattern                   EGFR p.L858R                                                                                                                                                                                                  MPLC
                RUL              AIS                 Lepidic growth pattern                   EGFR p.L858R                                                                                                                                                                                                  
  14            RLL              SCC                 Middle-low differentiation               TP53 c.97-11C\>G; CHEK1 p.S251L; EPHA5 p.L53=; FGFR1 p.L614M; APC p.E1544                                                                                                                                     MPLC
                RUL              ADC                 Lepidic 70%, Acinar 30%                  KRAS p.G13D; STK11 p.E130; EPHA3 p.N866K                                                                                                                                                                      
  15            RUL              ADC                 Lepidic                                  Negative                                                                                                                                                                                                      MPLC
                RML              ADC                 Lepidic                                  EGFR p.A767_V769dup                                                                                                                                                                                           
  16            RUL              ADC                 Lepidic                                  EGFR p.L861Q; MSH2 p.Q264E; EGFR p.G719A                                                                                                                                                                      MPLC
                RLL              ADC                 Acinar                                   EGFR p.E746_A750del; PIK3CA p.H1047L                                                                                                                                                                          
  17            RUL              ADC                 Acinar                                   BRAF p.V600E                                                                                                                                                                                                  MPLC
                RUL              SCC                 Middle-low differentiation               RET c.1264-1G\>T; FGF19 cn_amp; FGF4 cn_amp; FGF3 cn_amp; CCND1 cn_amp; PIK3CA cn_amp; SOX2 cn_amp; FBXW7 p.R393=; TP53 p.R273L; PMS2 p.M136V; PMS2 p.G132=; CDKN2A p.R22P; CARD11 p.E1096=; TRIM58 p.P297=   

LLL, left lower lobe; LUL, left upper lobe; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe; MPLC, multiple primary lung cancer; IPM, intrapulmonary metastasis; AIS, adenocarcinoma *in situ*; ADC, adenocarcinoma; SCC, squamous cell carcinoma.

###### 

Clinicopathological characteristics of patients with MPLC and IPM.

  Clinicopathological characteristic          MPLC (n=13)           IPM (n=4)              Test value   P-value
  ------------------------------------------- --------------------- ---------------------- ------------ ---------
  Age, mean ± standard deviation (min, max)   61.96±8.97 (47, 81)   55.75±13.89 (49, 76)   t=1.16       0.27
  Mean tumor size, cm (min, max)                                                           t=−0.41      0.68
    ADC                                       1.79 (0.5, 4.0)       2.50 (1.0, 5.0)                     
    AIS                                       0.88 (0.5, 1.7)                                           
  Sex                                                                                      χ^2^=2.04    0.15
    Female                                    11                    2                                   
    Male                                      2                     2                                   
  Smoker                                                                                   χ^2^=1.12    0.29
    Yes                                       3                     0                                   
    No                                        10                    4                                   
  Stage                                                                                    χ^2^=5.86    0.02
    \<IIB                                     9                     0                                   
    ≥IIB                                      4                     4                                   

t, t test; χ^2^, Pearson\'s test. MPLC, multiple primary lung cancer; IPM, intrapulmonary metastasis; ADC, adenocarcinoma; AIS, adenocarcinoma *in situ*; min, minimum; max, maximum.

###### 

Genetic changes of patients with MPLC and IPM.

  Mutation characteristic                                 MPLC (n=27)   IPM (n=8)     Test value    P-value
  ------------------------------------------------------- ------------- ------------- ------------- ---------
  EGFR mutation abundance, mean ± standard deviation      0.111±0.075   0.496±0.278   U=14          0.002
  EGFR mutation site                                                                  χ^2^=0.375    0.540
    L858R                                                 10            6                           
    Non-L858R                                             6             2                           
  Driver mutations                                                                    χ^2^=4.753    0.029
    EGFR driver mutations                                 16            8                           
    Non-EGFR driver mutations                             11            0                           
  Involvement of tumor suppressor genes                                               χ^2^=12.315   \<0.01
    Yes                                                   8             8                           
    No                                                    19            0                           
  EGFR accompanied with tumor suppressor gene mutations                               χ^2^=22.626   \<0.01
    Both mutations simultaneously                         3             8                           
    One of the mutations                                  18            0                           
    None                                                  6             0                           

U, Mann-Whitney; χ^2^, Pearson\'s test. MPLC, multiple primary lung cancer; IPM, intrapulmonary metastasis; EGFR, epidermal growth factor receptor; n, number of tumors.
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